Abstract Previous studies have shown ubiquitin mRNA induction and protein expression associated with regressive phenomena in some cases of developmentally programmed cell death and experimentally induced apoptosis. Ubiquitin immunoreactivity was examined in the developing cerebellum of the rat following ionizing radiation or methylazoxymethanol (MAM) injection. In irradiated rats, apoptotic cells in the external granule cell layer appeared at 3 h, peaked at 6 h, and decreased thereafter to reach nearly normal values at 48 h. In MAM-treated rats, apoptotic cells in the external granule cell layer were seen at 24 h, peaked at 48 h, and decreased at 72 h. Strong ubiquitin expression was observed in about 15% of apoptotic cells at later stages of apoptosis in both experimental models of induced cell death. In irradiated rats, strong ubiquitin immunoreactivity in apoptotic cells and cellular debris was observed 12 h after irradiation, peaking at 24 h, and decreasing at 48 h. In MAM-treated rats, strong ubiquitin immunoreactivity was found in apoptotic cells and cellular debris at 48 h and decreased at 72 h. Results suggest that activation of the ubiquitin pathway is not a signal that triggers apoptosis but rather a final step in the apoptotic process.
Introduction
Apoptosis is characterized by early, extreme condensation of the chromatin and nuclear DNA fragmentation into oligonucleosomes which are multiples of approximately 180-200 base pairs [15] . However, these morphological and biochemical features are best viewed as the final stages of the apoptotic process in which endonuclease activation and DNA breakdown mark a definite state of non-return. Apoptosis may occur in diverse situations including programmed cell death during normal development, neoplasia, degenerative disorders, and experimentally induced lesions. Therefore, the mechanisms initiating apoptosis are probably multiple, and the biochemical events occurring in cells committed to die are most likely diverse, depending on the stimulus and the target. Mitochondrial abnormalities [17] , activation or inhibition of different genes (including proto-oncogenes), and modifications in the expression, assembly and interaction of the products encoded by these genes with members of similar families or with unrelated proteins have been demonstrated in different models of programmed cell death or apoptosis [1, 23, 24, 27] . Examining possible candidates which may participate in the cascade of genetic and metabolic events of apoptosis is necessary to increase our understanding of the mechanisms involved in cell death and cell survival.
Developmentally programmed cell death of the intersegmental muscles in the hawkmoth Manduca sexta is accompanied by activation of polyubiquitin gene expression and induction of the ubiquitin conjugation pathway [12, 22] . Ubiquitin levels increase in parallel during the tissue regression induced by thyroxine in cultured Rana catesbeiana tadpole tail tips [20] . Furthermore, increased ubiquitin mRNA levels and ubiquitination of nuclear proteins in apoptotic cells has been observed in human lymphocytes following gamma-irradiation [3] . However, apoptosis caused by nerve growth factor deprivation in cultured embrynonic sympathetic neurons and differentiated PC12 cells is not associated with increased levels of ubiquitin mRNA [4] . Taken together, these observations suggest that ubiquitin may play a role in certain forms of cell death, although its possible function is not yet clear.
In this study, we have examined ubiquitin protein expression, by using immunohistochemistry, in two experimental models of apoptosis in the developing cerebellum of the rat.
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Materials and methods
Sprague-Dawley albino rats aged 3 days (P3) were subjected to one of the two experimental models. One group of rats received a single dose of 2 Gy gamma rays, as previously reported [9] , and were sacrificed at 1, 3, 6, 12, 24 or 48 h after irradiation (n = 3 for each time-point). Another group of rats was treated with a single intraperitoneal injection (0.05 µl · g -1 of body weight in saline) of methylazoxymethanol acetate (MAM), a potent methylating agent which produces direct damage of DNA by methylation of nucleotide bases [18, 19] , and the animals were sacrified at 12, 24, 48 or 72 h after the injection (n = 3 for each time-point). Age-matched rats either not treated (n = 4) or injected with saline alone (n = 3) were used as controls. Animal welfare was conducted according to the regulations of the European Community on this subject.
The rats were perfused through the heart, under deep diethyl ether anaesthesia, with 4% paraformaldehyde in phosphate buffer.
After fixation, the brains were rapidly removed from the skull and immersed in a similar fixative solution for 24 h. The cerebella were embedded in paraffin and midsagital sections, 5 µm thick, were obtained with a sliding microtome. Dewaxed sections were stained with haematoxylin and eosin or processed for ubiquitin immunohistochemistry following the avidin-biotin-peroxidase method (ABC kit, Vectastain, Vector Labs). Rabbit polyclonal anti-ubiquitin antibodies were obtained from DAKO, and were used at a dilu- 
EGL) is observed at 24 h following irradiation (arrows).
A few strongly ubiquitinated apoptotic deposits are seen at 48 h following irradiation. Bar = 25 µm. (P Purkinje cells) tion of 1 : 200. The peroxidase reaction was visualized with 0.05% diaminobenzidine (Sigma) and 0.01% hydrogen peroxide. Some sections were counterstained with haematoxylin. The specificity of the antibody was tested by incubating some sections without the primary antibody or with non-specific rabbit IgG. Treated animals and controls were processed in parallel to eliminate day-to-day variation in the staining procedure.
Results
In control P3 rats and in rats injected with saline alone, apoptotic cells, as seen in haematoxylin and eosin stained sections, were rarely observed in the external granule cell layer of the cerebellum. A dramatic increase in the number of apoptotic cells occurred in irradiated rats and in rats treated with MAM. However, the timing of appearance of apoptotic cells was different in the two models. Following irradiation, cells with apoptotic morphology appeared at 3 h, peaked at 6 h, and decreased thereafter to reach nearly normal values at 48 h ( Fig. 1 A-D) . In MAM-treated rats, apoptotic cells were seen at 24 h, peaked at 48 h, and decreased at 72 h (Fig. 1 E-G) . These results are similar to those already observed in our laboratory and described in detail elsewhere [5, 6, 8, 9] . Moreover, cells with apoptotic morphology, as seen in haematoxylin and eosin stained sections, were stained with the method of in situ labelling of nuclear DNA fragmentation, thus demonstrating that cells with apoptotic morphology following ionizing radiation or MAM injection bore nuclear DNA fragments [5, [7] [8] [9] [10] .
In control rats, ubiquitin immunoreactivity was localized in the nuclei of Purkinje cells and, to a lesser degree, in the nuclei of granule cells of the internal granule cell layer (Figs. 2 A, 3 A) . In irradiated rats, strong ubiquitin immunoreactivity in the external granule cell layer was first observed 12 h after irradiation, peaking at 24 h and decreasing at 48 h (Fig. 2 B-D) . In MAM-treated rats, strong ubiquitin immunoreactivity in the external granule cell layer appeared at 48 h after the injection and decreased at 72 h (Fig. 3 B, C) . In both groups of treated animals, ubiquitin immunoreactivity was observed in only about 15% of apoptotic cells, as revealed in immunohistochemical preparations counterstained with haematoxylin (Fig. 4) . In addition, small strongly immunoreactive ubiquitin deposits were observed in presumably cellular debris in the external granule cell layer.
Discussion
These observations show that ubiquitin protein expression in the developing cerebellum of the rat is activated following ionizing radiation or MAM injection and that strong ubiquitination is restricted to about 15% of apoptotic cells, and cellular debris. In addition, these results show that ubiquitination of apoptotic cells takes place at the last stages of apoptosis in the developing cerebellum of the rat following ionizing radiation or MAM injection. The late appearance of strong ubiquitin immunoreaction in apoptotic cells, observed here, contrasts with the early appearance of strong c-jun immunoreactivity restricted to apoptotic cells in the same experimental models, as detailed elsewhere [5, 7, 10] .
Previous studies [3, 12, 20, 22] have shown ubiquitin mRNA induction and protein expression coincidental with regressive phenomena in some cases of developmentally programmed cell death and experimentally induced apoptosis. However, the best known role of ubiquitin is the capacity to conjugate to protein substrates and to target them for ATP-dependent proteolysis [11, 13, 14, 16, 21, 26] . Hence, the present results suggest that ubiquitin expression in apoptotic cells following ionizing radiation or MAM injection in the developing cerebellum of the rat represents a final step in apoptosis which is geared to degrading proteins, including nuclear oncoproteins [2, 25] , and which complements the action of proteases endonucleases. These results suggest that strong ubiquitination in apoptotic cells is not a signal that triggers apoptosis but, rather, a final event in the apoptotic catastrophe. 
